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ABSTRACT 
The shrinking or swelling potential of unsaturated clay soils requires an 
understanding of unsaturated soil mechanics, such as matric suction profile and the site’s 
environmental condition, such as climate. In unsaturated soil engineering, the most used 
climatic parameter is Thornthwaite Moisture Index (TMI), which was introduced by C.W. 
Thornthwaite (1948). Historically, TMI is used to predict suction parameters such as the 
Depth to Equilibrium Suction, the change in matric suction, and the equilibrium suction. 
For this thesis, two different versions of TMI-1974 (Mather, 1974) and TMI-2006 
(Witzak et al., 2006) are compared against the original TMI-1948, using National Oceanic 
and Atmospheric Administration’s (NOAA) 30-year (1981-2010) climate normal for the 
United States. A Geographic Information System (GIS) based web map and the 
interpolated contours maps are produced in order to facilitate this study, and the maps are 
made available to the public along with this thesis. In this study, it was found that TMI-
1948 and TMI-2006 are similar. Within TMI, the Precipitation term is measured, and 
Potential Evapotranspiration (PET) term is usually estimated via Thornthwaite’s method 
(Thornthaite, 1948). Therefore, this thesis explored other means of estimating PET such as 
another widely used American Society of Civil Engineers (ASCE) Standardized Penman-
Monteith equation (Walter et al., 2004). It was found that the Thornthwaite’s method was 
comparable to ASCE Standardized Penman-Monteith at most locations but showed some 
discrepancies at a couple of locations such as extreme freezing temperature. 
Initially, TMI are computed based on the long-term average (30-year normal), and 
in general, it is accepted to use long-term data to assign some climatic classification to a 
specific region. However, in this thesis, the time of average for TMI-2006 is shortened to 
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a range of 1-year, and 5-years; it was found that some regions (with the TMI range of -20 
to 20) are more sensitive to the swing of TMI-2006 values that occurs due to the length of 
time considered in the computation, and this can affect climatic classification (e.g., arid, 
humid).  
In addition, 1-year and 5-year averaged TMI-2006 are computed at a subset of sites 
where suction profiles are developed by Cuzme (2018). These computed TMI-2006 values 
are then correlated against accompanying Depth to Equilibrium Suction and Equilibrium 
Suction as determined by Cuzme (2018) from field suction profiles. It was found by a 
statistical evaluation that the shorter term (5-year and 1-year), TMI-2006 correlations with 
Equilibrium Suction and Depth to Equilibrium Suction performed worse than 30-year TMI-
2006. To investigate further, Precipitation and Potential Evapotranspiration (PET) average 
of 30 years, 5 years and 1 year, were plotted against the Depth to Equilibrium Suctions and 
value of Equilibrium Suction, and it was found that PET is the least correlated term within 
the TMI-2006 equation. Therefore, the Precipitation is a more important term within the 
TMI than PET, in the determination of various suction (moisture state).  
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1 INTRODUCTION 
1.1 The Issue of Climate-Controlled Soil Design Parameter 
The most widely accepted climatic parameter with regards to Geotechnical 
Engineering, specifically in the subject of expansive clay soil, is Thornthwaite Moisture 
Index (TMI), which was created by C.W Thornthwaite in 1948. It has become a climatic 
index that is used by practicing Geotechnical Engineers to estimate the soil moisture state 
or relative wetness or dryness of a particular region or site. In general, a more negative 
TMI indicates an arid climate where total annual precipitation is less than total 
evapotranspiration, therefore, generally resulting in a lower soil moisture state and net 
upward moisture flux. Conversely, a more positive TMI indicates a wetter climate with a 
surplus of precipitation and generally higher soil moisture and net downward moisture flux.  
The climate-controlled parameter for expansive soil is important because 
historically, the expansive soils have been a leading cause of infrastructure damage in arid 
and semi-arid regions across the United States and around the world (Liu, 1997). A large 
region of the contentious United States, specifically the southwestern states such as 
Colorado, Oklahoma, and Texas have been identified with problematic swelling clay soils 
see Figure (1). Krohn and Slosson (1980) reported that expansive soils in the United States 
cause more than $7 billion worth of infrastructure damage per year. Recently, the 
estimation was increased to $15 billion per year by Wray and Meyer (2004), who studied 
public infrastructure alone. In spite of much research and improvements to design/building 
codes, residential and public infrastructure damage due to expansive soils continues. 
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The shrink/swell response that expansive soils exhibit due to moisture changes, 
caused by seasonal variations of the site, changes to the site’s drainage condition and 
development, is the leading cause of expansive clay infrastructure damage (Zhan, Chen, & 
Ng, 2007; Houston S. , 2014). During a dry season, for example, surficial clay layers can 
shrink in volume causing desiccation cracks. During a higher precipitation period, moisture 
infiltration from rain causes the clay to swell, which can exert significant vertical pressures 
on any structure above, and result in differential foundation movements. In general, regions 
of lower soil moisture state, such as is associated with negative TMI, are more susceptible 
to infrastructure damage in regions of expansive clay. The stress state variable of soil 
matric suction, which is related to the soil moisture through the soil-water characteristic 
curve, is used to quantify moisture variations for soil (Fredlund & Morgenstern, 1977). 
 
Figure 1: Swelling Clays Map of the Contiguous United States (Olive W. W. et al., 1989) 
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1.2 Current State of Practice 
Since its inception, the TMI equation has been evolving and studied by many 
researchers, specifically in the field of pavement design and slab on grade design. The 
general use of TMI by researchers and practitioners is to find the subgrade’s matric suction, 
the depth of equilibrium suction (active zone depth) or equilibrium matric suction. In 
Australian Standard Residential Slabs and Footing Standard (AS2870, 2011), TMI is used 
to estimate the depth over which suction change will occur, which is required to 
characterize the potential ground movement for foundation design. One of the most 
common uses of TMI in the United States is in post-tensioned slabs on grade design for 
expansive soils as presented in the Post Tensioned Institute (PTI) Slab on Grade Design 
Manual DC 10.1-08 (2008), in which TMI is correlated with the equilibrium matric suction.  
In the Appendix of the PTI (2008), the following contour map (Figure 2) was 
provided to use as a reference. In both design manuals (i.e. PTI (2008) and AS2870 (2011)), 
there was no clear-cut guidance on which version of TMI equation to use, how the TMI 
variables should be collected, length of the study period for determination of TMI, or 
assumptions and compromises associated with TMI estimation methods. The TMI appears 
to have been chosen as the climatic parameter by the Geotechnical community because of 
historical use and relative convenience of computation compared to some other climatic 
measures. 
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Figure 2: TMI Contour Map of United States (Thornthwaite, 1948) 
1.3 Objectives 
The objective of this thesis is first to evaluate different forms of TMI equations and 
compare them with the original contour map created by C. W. Thornthwaite in 1948. Along 
with that, the web-enabled ArcGIS online map is created as a part of this study and will be 
hosted on ASU’s ArcGIS server for the public to use. Additionally, the spatially 
interpolated TMI-maps used for comparisons will be made available to the public as 
downloadable KML file format and will also be available with this thesis. In addition, the 
potential evapotranspiration (PET) estimation currently used in the TMI equation will be 
compared against the ASCE Standardized Penman-Monteith estimation of PET, the most 
popular in the agriculture industry, to see if they are comparable and to evaluate any impact 
of different PET estimation methods on computed TMI values. Afterward, using a subset 
of the database of clay suction profiles determined by Cuzme (2018), TMI will be averaged 
over five years and one year before the date of sampling, and then, correlate with the Depth 
of Equilibrium Suction and Equilibrium Suction to see there is any statistical improvement 
over use of NOAA’s 30-years normal TMI data. The long-term TMI is conventionally used 
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in geotechnical engineering, as compared to 5-year or 1-year. Then, the parameters within 
TMI will be individually evaluated to find if they, individually, could result in higher 
correlation with equilibrium suction and depth of equilibrium suction compared to TMI-
based correlations. Lastly, this paper will discuss the sources of discrepancies in the use of 
TMI and hypothesize the possibility of more effective climate parameter that may be 
developed for the future. 
2 GENERAL BACKGROUND REVIEW  
2.1 Introduction to TMI 
The Thornthwaite Moisture Index was originally developed to be a more rational 
climate classification at a time when the meteorological observation techniques were more 
focused on individual elements and their statistical significance rather than climate as a 
whole. Thornthwaite (1948) defined the TMI regarding two separate climate-related 
indices. The humidity index (Ih) is given by, 
100
 
=  
 
h
R
I
PET
     (1) 
And, the aridity index (Ia) given by, 
100
 
=  
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a
D
I
PET
    (2) 
R is the moisture surplus (or as runoff) or quantity of moisture that cannot be absorbed by 
a fully saturated site with no more infiltration, D is the moisture deficit or quantity of 
moisture that is demanded from an already dry site, and PET is the potential 
evapotranspiration or the possible transfer of moisture from the soil surface and vegetation 
under the constant well-watered condition. Due to the complex nature of the Potential 
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Evapotranspiration, it is empirically calculated using Thornthwaite’s potential 
evapotranspiration equation (Chow, 1964). There are other methods of estimating potential 
evapotranspiration such as Penman-Monteith method, which is discussed in detail later. 
Regardless of the TMI equation, the PET term can be described by Thornthwaite’s 
estimation, which requires only the mean monthly temperature (ti) of the site, where i 
denotes the given month. A yearly heat index (Hy) is determined using the mean monthly 
temperature by, 

=
=
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1
54.1)2.0(
i
iy tH     (3) 
where y denotes the given year.  The monthly potential evapotranspiration values are then 
given by,  
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The monthly PE values determined from Equation (4) are representative of 30-day months 
and based on the 12-hour daylight durations. Day length correction factor (di) is introduced 
to account for variations in daylight exposure in the different region due to variation in 
latitudes and varying days in each month. This study uses the day length correction factor 
provided in Thornthwaite (1948) to obtain the adjusted potential evapotranspiration, given 
by the following, 






=
30
ii
ii
nd
pePE     (6) 
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where ni is the number of days in the given month.   
The humidity and aridity indices capture, at least qualitatively, the soils ability to 
store water between the extreme cases of dryness or wetness and could be used to 
distinguish extremes in seasonal moisture conditions, such as droughts and periods of 
prolonged rain if the index is calculated on year by year basis. However, the long-term 
years average (e.g., 30-year average) TMI will not reveal the extreme climate events 
(Fityus et al., 1998). The original Thornthwaite (1948) tried to account for the effects of 
soil moisture balance by adding a 0.6 multiplier to the aridity index to account for the 
assumption that water can enter a soil profile at a faster rate than it can exit a profile. This 
original equation of Thornthwaite Moisture Index (1948), referred to in this paper as TMI-
1948, could then be determined by taking the difference of Equation (1) and (2).: 
 ( )
PE
DR
TMI
IITMI ah
6.0
or 6.0
−
=
−=
 (7) 
 ( )1 max max;  only when −= + − − =i iiR S P PE S S S   (8) 
 = −D PET AET   (9) 
 
 when 
 when 
= 
= + 
AET PET P PET
AET P S P PET
  (10) 
The TMI-1948 was revolutionary because it created a single-valued index and relatively 
simple methodology to quantify the climatic conditions of a site within a general region. 
However, the data necessary for the calculation of the runoff or moisture surplus (R) and 
the deficit (D), such as the soil storage capacity (S), is not widely available and hugely 
dependent on the soil type. Moreover, the data available for actual evapotranspiration 
(AET) is scarce and therefore, one must make major assumptions based on soil storage 
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capacity (S) as described in Equation (9) and (10). Moreover, many studies and correlations 
have been used to estimate the soil storage capacity. A contour mapped on the TMI-1948, 
shown previously in Figure 2, was published in the original 1948 paper and has been 
regularly referenced in geotechnical engineering studies and publications within the USA, 
including in the design of post-tensioned slabs on the ground (PTI, 2008).   
In the development of the TMI-1948 contour map, a constant soil storage capacity 
(S) of 4.0 inches (or 10.0 cm) of water was assumed for all locations regardless of the soil 
type (Thornthwaite, 1948).  Although this map allows for convenient interpretation of the 
TMI value for the contiguous United States, the 20-unit range from each contour line 
requires significant interpolation for isolated sites and restricts the precision of the 
accompanying analysis. In addition, a significant amount of time has passed since the 
production of this map. Since then there has been an advancement in meteorological 
observations and database management, and the advancement in geography technique 
(such as GIS), and higher resolution and readily accessible data can be produced. One of 
the main objectives of this paper is to produce such an easily accessible map to be available 
for the public to use.  
TMI-1955 
Later, Thornthwaite and Mather (1955) revised the TMI-1948 by eliminating the 
0.6 multipliers to the aridity index (Ia), which was originally assumed by Thornthwaite to 
account for the assumption that water can enter a soil profile at a faster rate than it exists a 
profile. Hence, a simplified Thornthwaite Moisture Index (Thornthwaite and Mather, 
1955), referred to in this report as TMI-1955, is given as 
 = −h aTMI I I  (11) 
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TMI-1974 
 Later, Mather (1974) revised the TMI equation by eliminating the water balance 
computation completely and thus, simplified the computation and estimating requirements 
compared to the original version. Mather assumed that in the long run, the soil storage 
variation is negligible and the ability of the soil profile to store water is more dependent on 
the soil characteristics, and therefore it is beneficial to keep it independent from the climate 
classification.   
 100 1
 
= − 
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P
TMI
PET
  (12) 
The TMI-1974 is based on only two variables with necessary inputs of annual precipitation 
and mean monthly temperature, data which is recorded at most weather stations around the 
world. The availability of required input data and the overall simplification of the equation 
allowed the TMI-1974 equation to become a more globally applied method for climate 
classification.  
TMI-2006 
It has been shown that the TMI-1974 will produce a significantly different and 
generally lower value for TMI compared to the TMI-1948, given the same climate data 
(Yue et al., 2014, Karunarathne et al., 2016). Witczak et al. (2006) also observed this same 
trend, and empirically adjusted the TMI-1974 equation so that the calculated values more 
closely matched to the original TMI-1948 values. As part of the development of the 
Enhanced Integrated Climatic Model (EICM) for the Mechanistic-Empirical Pavement 
Design Guide (MEPDG) (Rosenblam, 2011), the Thornthwaite Moisture Index (Witczak 
et al. 2006), referred in this report as TMI-2006, is given by,   
10 
75 1 10
 
= − + 
 
P
TMI
PET
   (13) 
Witczak et al. (2006) also proposed a new TMI version and planned for use in the 
prediction of soil matric suction. One of the key differences compared to the Witczak, et 
al. (2006) TMI is that in the MEPDG, the TMI is calculated month to month and taking a 
moving previous twelve months average of TMI (Rosenbalm, 2011). The intent was to 
capture more severe weather events using a smaller window of time frame relative to the 
design construction date (Rosenbalm, 2011). 
2.2 Basics of Unsaturated Soil Mechanics 
Unsaturated soil mechanics deals with soil in the region above the groundwater 
table (also known as a vadose zone), as depicted in Figure 3 below. In the unsaturated zone, 
the soils have negative pore-water pressures instead of positive pressure that exists below 
the groundwater table. Also, the amount of moisture in the unsaturated zone, and the 
associated soil suction will be affected by various near-surface circumstances and 
associated boundary conditions. The amount of moisture in the unsaturated zone can vary 
because of the depth of groundwater, surface runoff, and climatic variations such as 
precipitation, and evapotranspiration.   
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Figure 3: Typical Hydrological Model and Unsaturated Zone  
One of the most important conditions for the moisture state of unsaturated soil layer 
is the top/surficial covers of the soil profile. As the top boundary conditions or surficial 
topsoil condition change seasonally, so does the moisture amount within the soil profile. 
Such changes would include development or change in vegetation cover, possible 
pavement cover, and irrigation. This changing flux boundary conditions of the unsaturated 
soil zone often results in unsaturated soil mechanics related problems due to soil volume 
change; many unsaturated soil problems are usually being modeled as partial differential 
equations and analyzed using finite element models (FEMs) (Fredlund et al., 2012). 
However, in practice, such as with expansive clays, simplifications to boundary conditions 
and unsaturated soil response are required for practical solutions. 
In unsaturated soil mechanics, the two stress state variables of most concern are 
total net stress and matric suction. The two are independent of each other in that they cannot 
be combined into one state variable that controls soil response, and each play key roles in 
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controlling the shear strength and volume change behavior of unsaturated soils. Between 
the net total stress and matric suction, the net total stress is perhaps simpler and easier to 
understand; the understanding of matric suction and impacts of matric suction changes on 
soil response are not as straightforward due to the role of soil surface-atmospheric 
interactions largely controlling field suction values. The net total stress is the total stress 
minus the pore air pressure (-ua), the net stress which is determined by the weight of soil 
and the weight of the structures that are built over it. On the other hand, the matric suction 
is related to the soil moisture state (i.e., water’s capillary/surface tension forces) and is 
applied/controlled externally to the soil, (i.e. by climate, groundwater table position and 
other natural or human-caused hydrologic situations, and biological driven such as by 
plants and trees).  
Matric suction is a result of the capillary forces present within the soils’ particles 
and provide the soils with the capability of retaining water above the groundwater table. 
The matric suction counteracts the effect of gravity, which tends to pull the moisture down 
to the groundwater level. For example, soil suction can cause moisture to rise within the 
soil to heights up to nine meters of the free groundwater surface (Terzaghi, 1942). In 
practice, matric suction becomes the difference between total suction and osmotic suction 
and includes soil surface adsorptive forces (Houston, 2017).  
Total suction can also be defined in terms of energy. It is defined as the energy 
required for extracting a unit volume of water from the soil. It is comprised of two parts: 
osmotic (due to salts in the pore water) and matric. Osmotic suction (resulting from salts 
within the soil pore space) has been shown to be essentially constant as soil moisture 
fluctuates and therefore not as crucial to the stress state and response of unsaturated soils 
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(Krahn & Frendlund, 1972). Total suction can be determined by measurement of vapor 
pressure in equilibrium with the soil, i.e., a relative humidity measurement. Matric suction 
is simply the part of total suction that is not osmotic (Krahn and Fredlund, 1972). 
Typically, in the general practice of Geotechnical Engineering, suction 
measurements are not taken unless it is a forensic site or for academic research purposes. 
Therefore, Vann et al. (2018) introduced a way to estimate soil suction at depth using a 
series of equations based on commonly tested soil properties such as Atterberg Limit and 
gravimetric moisture content, and TMI. Vann et al. refer to the estimated value of soil 
suction as “soil suction surrogates.” 
These soil suction surrogates were developed using 476 data points/soil samples 
from geographically and climatically different regions such as Denver, Colorado; Hobart, 
Oklahoma; Phoenix, Arizona; and San Antonio, Texas. The soil samples were gathered 
from the ground surface to a depth of 10 m. The ratio of the gravimetric water content to 
liquid limit was found to be well-correlated with total suction, and the best fit curve is 
illustrated in Figure 4. In the final forms, the soil suction surrogates consisted of three 
equations based on three different depths and include a climatic factor, specifically TMI, 
at greater depth. The soil suction surrogate relationships, based on depth and climate, is 
shown on Equation 14-16. 
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Figure 4: Fit of the measured total suction and relationship to water content divided by 
liquid limit (Vann, J. et al., 2018) 
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where a = 3.0524, b = -0.2663, c = 3.3655, d = -0.2006, e = 0.0068, z = depth in meters.  
 
In the Vann et al. (2018) study, a WP4C Dewpoint Potentiometer was utilized to 
determine the total suction of the soil samples for the measured sites. The beauty of WP4C 
is that it is not as time-consuming as traditional filter paper and pressure plate devices. The 
lowest total suction value that can be reliably measured with the WP4C is about 100 kPa, 
which, given typical osmotic suction values, is generally not a serious limitation for 
geotechnical engineering applications. The equipment was initially manufactured by 
Decagon Devices Inc., now Meter Group. WP4-C uses the chilled mirror hygrometer 
technique to measure the total suction of soil. The device is shown in Figure5 below. The 
measuring range of the device is -0.1 to 300 MPa, and it has an accuracy of +/- 0.5 MPa in 
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0-5 MPa range and +/- 1% from the 5-300 MPa range (Meter Group, 2017). Several 15 mL 
cups are required for testing the specimens (Meter Group, 2017). The cups are inserted into 
the drawer of the equipment chamber for measurement. The chamber is temperature 
controlled and can range from 15 to 40 degree Celsius (Meter Group, 2017). 
 
Figure 5: WP4-C by Meter Group (2017) 
In Cuzme (2018), these soil suction surrogates were used to develop the suction 
profiles from the historical Geotechnical Investigation Report at locations across the USA, 
mostly in Texas. Moreover, these surrogate suction profiles were compared with directly 
measured suctions from clay sites located in Denver, CO; Hobart, OK; and Phoenix, AZ. 
A suction profile shows the suction versus depth along the soil profile at the time of site 
investigation. The suction profile is always affected by the environmental condition of the 
site such as climatic condition, topsoil cover, vegetation type, irrigation, drainage 
conditions, and therefore, can vary significantly from dry season to wet season, and in 
response to surface boundary condition changes (e.g., irrigation, pavement cover). The 
variation of suction is typically greatest at the ground surface level due to the seasonality 
effects such as dry to wet or vice-versa. The idealized suction profile for seasonal 
fluctuations only (non-developed site) is shown in Figure 6 below. If the ground surface 
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has less moisture (due to evapotranspiration), the suction profile will be drawn to the right 
(drier, higher suction). If the ground has more moisture, the suction profile will be drawn 
to the left (wetter, lower suction). In a case where the suction profile is located beneath a 
covered surface such as pavement and foundation, the suction profile will be more stable 
compared to those of uncovered surfaces.  
 
Figure 6: Theoretical suction profile for uniform soil column 
In an ideal environmental condition, where the climate is stable all year round, and 
the depth to groundwater table is constant, the suction profile will decrease linearly from 
the maximum suction at the soil surface to zero at groundwater table. However, this 
condition rarely happens because of the constantly changing environment (Morris, 
Graham, & Williams, 1992). It is more likely to see that at the ground surface, in the dry 
season, suction would be maximum, and in the wet season suction would be minimum. For 
sites with deep groundwater table, the variation of suction with depth along the profile, to 
a depth of equilibrium suction, would typically range between these maximum and 
minimum values. A point along the depth where the changes in suction become small 
enough to be of little engineering significance is called Depth to Equilibrium Suction. At 
that depth, the change in suction values may have little effect on soil moisture fluctuation. 
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The zone above the depth of equilibrium suction is also sometimes called as the active 
zone, zone of seasonal moisture fluctuation, depth of wetting, or depth of potential heave 
(Nelson et al., 2001; Walsh et al., 2009). Moreover, since the equilibrium soil suction has 
been reached below the active zone, no significant moisture variation occurs due to climatic 
conditions below this depth (McKeen & Johnson, 1990). Most of the soil moisture 
movements occur relatively near the surface, within the active zone or above the depth of 
equilibrium suction, although the depth to constant suction can be significantly increased 
with development where proper control of site water is not done. The depth over which 
soil suction changes over the life of the structure is the zone of soil that is potentially 
problematic with respect to its shrinking or swelling for expansive soil profiles. 
Establishing the Depth to Equilibrium Suction is essential in analyzing expansive 
soils problems. Historically, and specifically in AS2780 (2011), the Depth to Equilibrium 
Suction is associated with surface flux conditions associated with undeveloped sites only. 
Evaluating the zone of suction change by examining the initial and final soil suction 
profiles is one of the major applications of unsaturated soil theory in engineering practice 
(Nelson et al., 2001). Because it is part of the unsaturated zone, the soil suction above the 
depth of Equilibrium Suction changes with time as moisture changes within the soil in 
response to changes in the surface flux boundary condition. The Depths to Equilibrium 
Suction ranges from a few feet (e.g., 5 or 6 feet) to more than 30 feet, depending upon the 
soil type, climatic conditions, and vegetation type (Nelson et al. 2001). Below the zone of 
significant suction change, soil suction is often assumed to be at equilibrium and remains 
constant when the climate is stable. The surficial suctions, whether they are at maximum 
and minimum, will theoretically approach to the equilibrium suction at depth, where 
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covered and protected from seasonal moisture change (Houston and Houston, 2018). The 
equilibrium suction is the suction when there is a steady flow of moisture in the soil. Under 
the equilibrium condition, neither swelling nor shrinking occurs in soil (Lytton, 1977).  
3 ANALYSIS OF TMI EQUATION 
3.1 Development and comparison of TMI maps using GIS 
For this study, the monthly normal temperature and precipitation data from 1981 to 
2010 from weather stations across the United States were downloaded from the National 
Oceanic and Atmospheric Administration (NOAA) climate database. The original database 
contained 9888 weather stations. According to Arguez, et al. (2012), there are more 
weather stations with record precipitation than the ones that record temperature. Stations 
with significant amounts of missing data (records of 10 years or less) were flagged in the 
database, and if those stations have at least 2 years of records, the remaining estimated 
average monthly temperature, and precipitation normals are estimated using linear 
combinations of the normals nearest longer-record stations following the “pseudonormal” 
methodology (Arguez et al., 2012). In this study, the stations outside of continental United 
States were not considered and therefore, removed from the database. In the end, the 
database was trimmed down to 5852 weather stations and set as point features for GIS 
analysis. The general location of each weather station is depicted below in Figure 7.   
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Figure 7: General Locations of Weather Stations Represented as Black Markers 
The TMI-1974 (Mather, 1974) and TMI-2006 (Witzak et al., 2006) were calculated 
from the NOAA data by utilizing the method described above and mapped using ArcGIS. 
Isopleth maps (Figures 8 and 9) were developed using the inverse distance weighted (IDW) 
method. With IDW, the TMI values between the stations are determined using a linear-
weighted combination of sample points with the weight being assigned based on the 
distance between sample points. Instead, for a given location, the nearest weather station 
is more likely to affect TMI than the further away station. According to Leao (2017), there 
is a trade-off between the data quality and spatial resolution. Leo (2017) suggests that the 
optimal resolution for spatial interpolation is a 3 km by 3 km grid within the ratio of 
measured data to estimated data between 50:50 to 90:10. Availability of weather stations 
with a long-term record in such a small grid is not possible or feasible for such a large area 
of the contiguous United States. Therefore, the spatial distribution of the data was only 
addressed by visual examination that the weather stations seem to be spread out randomly 
and dispersed throughout the continental United States. 
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For ease of comparison, the interpolated TMI maps were all classified using the 
same TMI climate classification divisions introduced by Smith (1993) and presented in the 
following table. In Table 1, the comparisons between TMI-1948, TMI-1974, and TMI-
2006 of several locales in Texas are shown. It was noted that TMI-1948 and TMI-2006 are 
relatively closer in values than TMI-1948 and TMI-1974. This sample of weather stations 
shows that TMI-2006 could be the replacement for TMI-1948 without having to calculate 
water balance. Fityus et al. (1998) correlated these climate classifications to ranges of 
potential depth of seasonal moisture change (Hs), which are also presented in Table 2. The 
TMI values in Table 1 are based on the original 1948 method. Table 1 (based on studies 
by Smith, (1993) and Fityus et al., (1998)) was revised in 2011 and published in Australian 
Standards (AS2870). Table 3 shows the relationship between TMI, Hs and climate zone is 
recommended by the current Australian Standard AS2870 (2011).  
Table 1: Comparisons of TMI values 
City TMI-1948 TMI-1974 TMI-2006 
El Paso, TX -40 -75.58 -46.68 
Lubbock, TX -25 -45.46 -24.10 
San Antonio, TX, -15 -31.06 -13.29 
Dallas, TX 0 -15.82 -1.87 
Houston, TX 20 15.73 21.8 
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Figure 8: TMI-1974 Isopleth Map of Contiguous United States 
 
 
Figure 9: TMI-2006 Isopleth Map of Contiguous United States 
Table 2: Climate Zone and Climate classifications (Smith, 1993 and Fityus et al., 1998) 
Climatic 
Zone 
TMI Range Climate Classification 
The depth of Moisture 
Change Hs (Fityus et al., 
1998) 
1 > 40 Wet Coastal/Alpine 1.5m 
2 10 to 40 Wet Temperate 1.5 – 1.8m 
3 -5 to 10 Temperate 1.8 – 2.3m 
4 -25 to -5 Dry Temperate 2.3 – 3.0m 
5 -40 to -25 Semi-Arid 3.0 – 4.0m 
6 < -40 Arid > 4.0m 
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Table 3: Relationship between TMI, Hs, and climatic zone (AS2870, 2011) 
Climatic 
Zone 
TMI Range Climate Classification 
The depth of Moisture 
Change Hs 
1 > 10 Wet Coastal/Alpine 1.5m 
2 -5 to 10 Wet Temperate 1.8m 
3 -15 to-5 Temperate 2.3m 
4 -25 to -15 Dry Temperate 3.0m 
5 -40 to -25 Semi-Arid 4.0m 
6 < -40 Arid > 4.0m 
3.2 Development of Web-enabled TMI map 
Finally, a web-based map application was developed using ArcGIS Online, hosted 
on ASU’s ArcGIS Online Account. The purpose of this web-map is to provide its users 
with TMI-1974, and TMI-2006 at the closest weather station near them by inputting 
general location, address, or coordinates within the continental United States. As 
previously discussed, NOAA weather stations appear as points of interest within the 
interface and will provide data for TMI computation when selected, as presented in Figure 
10. Each of the orange balloons visible in the snapshot (Figure 10) represent NOAA 
weather stations, which will present the user with calculated TMI values, latitude, 
longitude, elevation, annual precipitation, and the estimated potential evapotranspiration 
calculated using Equation (3) through (6) when selected.  The interactive map provides a 
convenient and efficient method for obtaining the desired TMI for any given site. The 
precision of the TMI from location to location allows for it to be used as the main climate 
indicator for any detailed analysis affected by climatic conditions, such as for expansive 
clay analyses. 
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Figure 10: The snapshot of TMI web-map. URL: 
https://asu.maps.arcgis.com/apps/webappviewer/index.html?id=fadabdb2975f4aadbde30a
9894f740ca 
 
Figure 11: The snapshot of TMI web-map function 
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3.3 Different Potential Evapotranspiration (PET) Estimation within TMI 
Originally in 1948, the TMI equation was comprised of two separate climate-
related indices, which within them, has a moisture surplus term (R), moisture deficit term 
(D), Precipitation term (P), and Potential Evapotranspiration term (PET). Subsequent 
versions of TMI, such as TMI-1974, the runoff term and moisture deficit term were ignored 
due to the difficulty of calculating water balance. According to Fityus (1998), TMI-1974 
is a much easier and adequate way to determine the TMI values with a few climate 
parameters only, such as Precipitation (P) and Potential Evapotranspiration (PET).  
Within the TMI equations, the Precipitation (P) parameter is straightforward, but 
the Potential Evapotranspiration (PET) is not. PET is a complex phenomenon that involves 
significant studying. Potential Evapotranspiration (PET) is a combination of soil 
evaporation and crop transpiration under sufficient water supply. C.W. Thornthwaite first 
introduced PET along with the TMI in 1948 (Chow, 1964). PET is different from actual 
evapotranspiration (AET) because it is the maximum potential transfer of water vapor to 
the atmosphere that ensues from a certain type of vegetative cover instead of AET transfer 
(Sun, 2017; Fredlund et al., 2012). It has been postulated that actual evapotranspiration 
approaches the potential evapotranspiration during an active growing stage of crop but fall 
when the plants mature (Hillel, 1982). For the long-term, actual evapotranspiration may be 
only 60-80% of potential depending on water supply (Hillel, 1982). However, in arid 
regions, the actual evapotranspiration is extremely low (Hillel, 1982).  
Hence, PET is a physical process that could not easily be measured and therefore, 
PET is calculated theoretically and empirically. To standardize the PET model, American 
Society of Civil Engineers (ASCE) has set the Penman-Monteith equation as the suggested 
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standard for the industry. ASCE also replaced the Potential Evapotranspiration (PET) 
nomenclature with “Reference Evapotranspiration (ETref)” in order to avoid ambiguities in 
the type of ground cover or crops growth (Walter et al., 2004). Therefore, both Potential 
Evapotranspiration (PET) and Reference Evapotranspiration (ETref) are technically 
synonymous.  
There are two general approaches to modeling Potential Evapotranspiration: 
temperature based, and radiation based. There are numerous versions of equations of 
estimating PET, the accuracy and precision of each of these models is still contested today. 
Some of the PET models include Penman (1948), Thornthwaite (1948), Hamon (1963), 
Turc (1961), Monteith (1965), Priestley and Taylor (1972), and Hargreaves et al. (1985).  
Table 4: Comparison of the seven most popular PET models (Sun, 2017) 
 
Thornthwaite’s method of estimation of Potential Evapotranspiration (PET) is one 
of the easiest and most commonly used in the Geotechnical Engineering literature. It is the 
method that was chosen for this study and development of this report, and in the GIS maps. 
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Simply, Thornthwaite’s method of PET estimation is a temperature-based approach 
requiring mean monthly temperatures from the weather stations and their closest latitude 
lines to empirically calculate the amount of sun exposure and eventually PET. Hence, most 
weather stations will have these simple data in the long-term record and can be readily be 
used to calculate the TMI. The detailed steps for estimation PET and the daylight correction 
factors used in this study are based on the methods shown in McKeen and Johnson (1990).  
On the other hand, ASCE’s Reference Evapotranspiration (Walter et al., 2004) is a 
radiation-based approach and has more parameters such as temperature, wind speed, soil 
heat flux density at the soil surface, and vapor pressure. As previously stated, ASCE’s 
Reference Evapotranspiration is a standardized form of the Penman-Monteith Equation for 
Evapotranspiration. The full form of the equation is shown below 
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ETref (mm /day) is evapotranspiration at standard crop heights; Rn (MJ/m
2/day) is 
the net radiation at the crop surface; G is the soil heat flux density at the soil surface; T 
(°C) is the mean daily or hourly air temperature; u2 (m/s) is the mean daily or hourly wind 
speed at 2 m height; es (kPa) is the mean saturation vapor pressure for daily computation, 
which is computed as the average of es at maximum and minimum air temperature; ea (kPa) 
is the mean actual vapor pressure; Δ is the slope of the vapor pressure-temperature curve; 
γ is the psychrometric constant; Cn is the numerator constant for reference type, and Cd is 
the denominator constant for reference type. The crop height, h = 0.12 m for short reference 
crop (e.g. grass) and h = 0.50 m for tall reference crop (e.g. alfalfa). For simplification, 
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2.45MJ/kg is used for latent heat of vaporization and 0.23 is adopted for the albedo of 
reference surfaces. ASCE’s Reference Evapotranspiration assumes the height of wind 
measurement (zw) and the height of humidity or air temperature measurement (zh) are 
measured in a range of 1.5 to 2.5 m above the ground.  
While Thornthwaite’s PET is solely made for monthly timestep, ETref can be made 
for either daily time step or even hourly time step. Comparing to Thornthwaite’s PET, ETref 
equation (Equation 11) seems to be the more complex and complete Potential 
Evapotranspiration model. On the other hand, ETref is more dependent on the quality of the 
data collected. ETref requires more sophisticated weather stations that can collect all the 
required parameters. If no such required data is available, one would require a significant 
amount of assumption in the estimation of ETref. Hence, the level of quality or accuracy of 
PET is dependent on the quality of data used. Most Geotechnical Engineers are not familiar 
with all of the terms required for use by Equation 11, and most don’t usually know where 
to obtain such data. 
Evapotranspiration is a topic that is not only of concern to Geotechnical Engineers 
but also to the agronomist and agriculture industry, it is perhaps even more important. 
Therefore, many universities, states, and federal organizations have been installing 
specialized weather stations that record all the parameters needed for the ETref and even 
precipitation to monitor crop growth and irrigation. Notably, there are increasing numbers 
of agricultural weather station networks in the past ten years, especially in the western 
states (C.S. Lewis, 2016). Although ETref is reported at those stations, each network is 
different in that they may vary in the crop height and other parameters that may be suited 
for their local practice and crops that are usually grown in a particular region. Moreover, 
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these weather station networks may not be spatially distributed at the metropolitan areas 
but rather only located near the agricultural areas. Regardless, the agricultural weather 
stations are the only source of information for obtaining all the required parameters for 
computation of ETref and these stations are the only ones having the long-term records 
required to do this current study. 
Table 5: Current Available Agricultural Meteorological Network in the Western United 
States (C.S. Lewis, 2016)  
State Network 
Arizona AZMET 
California AgriMet, CIMIS, NICE Net 
Colorado AWDN, CoAgMet 
Idaho AgriMet 
Kansas WDL 
Montana AgriMet, NDAWN 
Nebraska AWDN 
Nevada AgriMet, NICE NET 
New Mexico NM* 
North Dakota NDAWN 
Oklahoma Mesonet 
Oregon AgriMet 
South Dakota NDAWN, SDAWN 
Texas Texas ET, TXHPET 
Utah AgWxNet 
Washington AgriMet, AgWeatherNet 
29 
State Network 
Wyoming Agrimet, AWDN, WAWN 
All SCAN* 
 
 
Figure 12: Approximated Locations of Agricultural Weather Stations (C.S. Lewis, 2016) 
 Using these agricultural station networks, one can retrieve ETref values without 
having to calculate the PET (e.g., using Thornthwaite’s method). When the TMI was 
introduced, consensuses on what type of PET estimation to use did not exist. As far as what 
is the best estimation, ETref is a likely a better estimation because of all the parameters 
required for it; provided quality input parameters can be obtained. However, Thornwaite’s 
method is useful for locations, such as most metropolitan areas, that do not have resources 
or existing weather stations to collect all the parameters. 
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In this study, ETref values were obtained from CoAgMET, AZMET, and TexasET 
as they are the major meteorological networks covering the interest areas for this study. 
Note that not all the stations have long-term records, and therefore, it is hard to determine 
the long-term average evapotranspiration values in all cases. Such is the case for the state 
of Colorado, where CoAgMET is the major meteorological network, but most of the 
stations were located outside the metropolitan areas or were not located close to the 
research sites used for other aspects of this current study. In addition to not having long-
term station records, the spatial distribution of the weather stations is not ideal for 
comprehensive spatial interpolation. Therefore, any sort of comparisons with the 
developed NOAA 30-years normal PET will have to be on the basis of point by point or 
site by site instead of regional comparison. The locations of the agricultural weather station 
networks used in this study are shown below in Figures 13, 14, and 15. 
  
Figure 13: Approximate Locations of AZMET Weather Stations (Courtesy: AZMET) 
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Figure 14: Approximate Locations of TexasET Weather Stations (Courtesy: TexasET) 
 
Figure 15: Approximate Locations of COAgMet Weather Stations (Courtesy: COAgMet) 
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Figure 16: Typical Agricultural Meteorological Station (Courtesy: AZMET) 
 
Figure 17: Comparison of Long-Term PET and ETref  
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Figure 18: Comparison of Short-Term PET and ETref in Denver, CO 
 In Figure 17, the long-term average ETref is compared against long-term average 
PET particularly in major metropolitan areas of Texas and Arizona. Figure 17 shows that 
both PET and ETref are comparable in the long-term range. At least 5 out of 7 long-term 
comparisons of major cities were relatively close. Note that ASCE Standardized ETref 
values are typically a little higher than Thornthwaite’s PET. Regardless, it validates that 
the Thornthwaite’s method is as a good estimator for Potential Evapotranspiration (i.e., it 
provides estimates that are close to those of the ETref values). In a special case, the long-
term average for ETref in Denver could not be obtained because of the relative lack of 
agricultural stations near the Denver area and the relatively short data collection period for 
the available weather stations. Only ETref from a few recent years could be obtained for 
Denver locations, rather than the long-term ETref values. Interestingly in Figure 18, the 
Thornthwaite’s PET is much less than (almost more than half) the ETref at Parker site from 
COAgMET. The reason for such discrepancy is that the Thornthwaite’s PET is determined 
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solely on mean temperature and the calculation does not allow for below zero Celsius 
degree temperature (freezing conditions). And it is common for the Denver area to have 
many days with freezing temperature in a given year. Therefore, the Thornthwaite’s PET 
values could be misleading in cold climates. Significant differences in Potential 
Evapotranspiration values could result in drastic TMI values, which can then change the 
climate classification of a region, which in turn changes the inferred depth of active zone 
and equilibrium suction.    
3.4 Temporal Variation in TMI 
As previously discussed, the TMI is variable depending on the climate of the 
location. Therefore, when a region experiences an extreme climate such as drought, and 
extreme flooding events, the yearly TMI will change accordingly to reflect the extreme. 
However, it would be likely that the long-term average TMI would not reflect the climate 
extremes unless the extreme climate is persistent. AS2870 (2011) recommends using at 
least 25 consecutive years of climate data to get the average TMI to design residential 
structures. On the other hand, the PTI 3rd Edition (2008) does not explicitly specify for the 
length of time to average in the TMI used for designing the slab-on-grade, although a 30-
year average might be inferred due to its historical use.  
Karunarathne et al. (2016) studied the sensitivity of temporal average of TMI at 
Melbourne, Australia. In the study, he used the TMI-1955 version described by 
Thornthwaite and Mather (1955). He also summarized that regardless the TMI method 
used, TMI trends are the same for a long-term (10 to 25 years) condition, but the yearly 
TMI can fluctuate widely. Similar results were also observed in this study and the temporal 
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sensitivity of TMI-2006 in San Antonio, TX; Denver, CO; Dallas, TX; and Phoenix, AZ 
from 2000 to 2017 is shown in Figure 19 through 22. 
 
Figure 19: Temporal Sensitivity of TMI-2006 in San Antonio, TX 
 
Figure 20: Temporal Sensitivity of TMI-2006 in Denver, CO  
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Figure 21: Temporal Sensitivity of TMI-2006 in Dallas, TX 
 
Figure 22: Temporal Sensitivity of TMI-2006 in Phoenix, AZ 
 The use of TMI in expansive soils analysis is to relate it to the Depth of Equilibrium 
Suction and magnitude of Equilibrium Suction. Cuzme (2018) obtained the depth to 
constant suction and equilibrium suction values for the sites where soil suction profiles 
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were developed using a soil suction surrogate and for sites where soil suction was 
measured. Moreover, the data obtained for each site is for a unique time because the idea 
is to obtain the soil moisture condition at the time of sampling. The weather data were 
downloaded 5 years prior or 1 year prior based on the drill date at the Cuzme (2018) study 
sites. The comparisons of average TMI-2006 based on locations nearby the soil suction 
profiles are shown below in Figure 23. Due to the wide range of locations and climates 
covered by this study, there is some swing of TMI when going from a 30-year average to 
a 1-year average; changes in TMI resulting from the use of 1-year average compared to 5 
or 30-year average can change the conclusion with respect to the region’s climate 
classification.  
 For 9 out of 41 sites, the TMI flipped from positive to negative when 1-year average 
TMI computed was compared to 30-year. Figure 24 shows that the TMI average using a 5 
years period prior to drilling is quite similar to TMI average obtaining using a 30 years 
average for input parameters; R2 of 0.92 is obtained fitting the 5-year TMI values to the 
30-year TMI best-fit curve. However, the 1-year TMI can be vastly different from the 30 
years average TMI; R2 of 0.74 is obtained fitting the 1-year TMI values to the 30-year TMI 
best-fit curve. The higher 1-year TMI fluctuation from the 30-year TMI value appears to 
be most pronounced for locations where the TMI is within the ranging -20 to 20, which in 
this study are sites that fall mostly in Texas. Yearly TMI in Dallas would deviate most from 
the 30-year TMI, especially if the year before was drought or low moisture area.  
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Figure 23: Comparisons of TMI-2006 Average 
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Figure 24: Comparison TMI (2006) 30 years to 5 years and one year 
3.5 Sensitivity of Depth to Equilibrium Suction to TMI 
As previously mentioned, the TMI (based on historical weather data) has been used 
to estimate the Depth to Equilibrium Suction in design of foundation on expansive clay, 
such as AS2870 (2011), McKeen and Johnson (1992), Fityus (1998) and Wray (1978), and 
Fityus & Buzzi (2008). According to Fityus & Buzzi (2008), the AS2870 (2011) is 
fundamentally based on the research based on Smith (1993) and Fityus et al. (1998). Both 
-60 -40 -20 0 20 40 60
-60
-40
-20
0
20
40
60  Measured Sites
 Surrogate Sites
 Line of Equality
T
M
I 
(2
0
0
6
) 
5
 Y
e
a
rs
TMI (2006) 30 Years
R2 = 0.92
-60 -40 -20 0 20 40 60
-60
-40
-20
0
20
40
60
T
M
I 
(2
0
0
6
) 
1
 y
e
a
r
TMI (2006) 30 Years
 Measured Sites
 Surrogate Sites
 Line of Equality
R2 = 0.74
40 
Fityus et al. (1998) and Smith (1993) made a major assumption that the climate is the most 
influencing factor to soil moisture state regardless of the type of soils in the profile and at 
depth. Note that the correlation between Depth to Equilibrium Suction and TMI was 
introduced in Smith (1998) and only had three data points, and later on, Fityus et al. (1998) 
added three more data points to the correlation. According to Smith (1993), the TMI used 
in his paper were those interpolated by Aitchison & Richards (1965) from nearby weather 
stations and using the TMI-1948 version with different PET calculation. Thus, Smith 
(1993)’s TMI values must be slightly different from Fityus et al. (1998), which uses TMI-
1948 with Thornthwaite’s PET. Nevertheless, the depth of constant suctions (Hs) based on 
TMI was developed by Smith (1993), and the climate classifications of Fityus et al. (1998) 
were developed, as listed in Table (2), and then, the classification of AS2870 (2011), as 
listed in Table (3), was developed. 
Cuzme (2018) used previously mentioned soil suction surrogates and developed 
soil profiles from historical Geotechnical Investigation Reports around various locations. 
By extensively data-mining through the reports, the soil suction profiles were developed 
for various locations around Colorado, Texas, Alabama, and Oklahoma. Also, Cuzme used 
directly measured suction data from sites in Arizona, Texas, and Colorado to make suction 
profiles. The measured soil suction data was also used to verify the surrogate’s 
performance. Moreover, from those profiles, Cuzme determined the Depth to Equilibrium 
Suction and equilibrium suction. The list of these Equilibrium Suctions and Depth to 
Equilibrium Suctions, and accompanying locations are listed in Appendix A.  
After the development of soil suction profiles at various locations, Cuzme (2018) 
related the depth of equilibrium suction to TMI-2006 using the web-based GIS map of this 
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current study. Cuzme used the closest weather station to the site of interest where the depth 
of equilibrium suction or equilibrium suction were determined. Most literature agrees that 
the depth of constant suction is related to the long-term average climate. For example, 
AS2870 (2011) suggests using at least 20 years on average. However, there is some 
evidence that the shorter average time frame of TMI can be more relatable to the depth of 
constant suction (Wray, 1989). Wray (1989) utilized Russam and Coleman (1961) curve 
to predict equilibrium suction and found that the shorter term TMI correlated better than 
long-term TMI with regards to measured equilibrium suction for one site. In this paper, the 
TMI averaged at 30 years (long term), 5 years and 1-year TMI are used to correlate to the 
Depth to Equilibrium Suction and Equilibrium Suction from a subset of Cuzme (2018) 
data, the sites/clay suction profiles where both the Depth to Equilibrium Suction and 
Equilibrium Suction were obtained. In addition, the sites/clay suction profiles with 
unknown drilled date were ignored since the current study is dependent upon the date of 
drilling.  This subset of Cuzme (2018) data is attached in Appendix B, which is the vast 
majority of data used by Cuzme, yielding similar trends and conclusions. 
Since Cuzme (2018) suction profiles were developed from historical Geotechnical 
Reports, the weather data were downloaded from NOAA, and the range for dates over 
which weather data is averaged is based on the date of sampling. More specifically, the 
rolling 12 months TMI was utilized to account for seasonality effects. Rolling 12 months 
TMI or TMI monthly was introduced by Rosenbalm (2011) in the development of 
Mechanistic Empirical Pavement Design Guide (MEPDG). For example, if the date of 
sampling for Amarillo, TX site was in March 2015, the 5 years duration of historical 
weather data (April 2011 to February 2015), such as monthly precipitation, and monthly 
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average temperature, were downloaded at the nearby weather station to compute 5-year 
TMI-2006 values. The same methodology is also applied to 1-year TMI computations. For 
example, if the date of sampling for Amarillo, TX site was in March 2015, the 1-year 
duration of historical weather data (from April 2014 to February 2015), such as the monthly 
precipitation, and monthly average temperature, were downloaded at the nearby weather 
station for computing 1-year TMI-2006 values. The values of TMI with the sites and their 
accompanying weather data is attached in Appendix B. The Depth to Equilibrium Suction 
from Cuzme’s suction profiles and their accompanying TMI values with a different range 
of average time duration were compared using Origin software (OriginLab, 2018). Cuzme 
(2018) found that a basic exponential curve is the most appropriate fitting for the 
relationship between TMI and depth to constant suction and therefore, the same type of 
curve fitting was applied to both 5-year average TMI-2006 and 1-year TMI-2006. The 
purpose of the investigation was to see if narrowing the time duration of average for TMI-
2006 would produce a better correlation with Depth to Equilibrium Suction.   
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Figure 25: Depth to Equilibrium Suction vs. 30-years TMI-2006 
 
Figure 26: Depth to Equilibrium Suction vs. 5-years TMI-2006 
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Figure 27: Depth to Equilibrium Suction vs. 1-years TMI-2006 
 Figure 25 through 27 shows the relationship between the depth of equilibrium 
suction and TMI-2006. They showed that regardless of the time duration average of TMI 
or rolling monthly average, it does not improve the correlation. Correlation between TMI 
and depth to constant suction are the average over 1-year (R-square=0.36968), 5-years (R-
square = 0.4523), or 30-years (R-squared = 0.65657). For instance, Figure 26 shows that 
the 5-years TMI-2006 worsen the correlation compared to 30-years TMI-2006. The general 
trend in Figure 25 through 27 is that the Depth of Equilibrium Suction is deeper for the 
arid region (more negative TMI). The most likely reason is that the intact clay soil columns 
tend to crack or weather to deeper depths for arid regions (more negative TMI) and 
therefore, the moisture can infiltrate to deeper depth. Hence, the soils suctions would vary 
to a deeper depth for arid regions. 
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3.6 Sensitivity of Equilibrium Suction to TMI 
 Russam and Coleman (1961) were the pioneers in relating matric suction to the 
climatic index such as TMI. Wray (1978) was the first to assume that equilibrium suction 
is correlated to TMI, and added to Russam and Coleman’s apparent relationship of suction 
and TMI. In addition, the samples that Russam and Coleman (1961) used to come up with 
the relationship between TMI and suction were all from beneath the centerline of the 
pavement and therefore, they are the covered conditions.  
 It should be noted that Russam and Coleman (1961) never explicitly listed the 
relationship as equilibrium suction vs. TMI, however, such a relationship was gleaned by 
Wray (1978). Figure 28 is the relationship between suction and TMI and the graph provided 
by Russam and Coleman (1961). Regardless, Aitchison and Richards (1965) added more 
data points to the Russam and Coleman (1961) in search of better statistical significance 
between TMI and suction (Figure 29). Russam and Coleman (1961) used Thornwaite’s 
PET model while Aitchison and Richards (1965) used Prescott (1949) and Tucker (1944). 
Therefore, depending on the details of those PET models, the TMI values may not be 
comparable as they use a different way of calculating PET. Again, Aitchison and Richards 
(1965) never explicitly listed that their findings as equilibrium suctions versus TMI 
relationship, but rather suction beneath the paved surface versus TMI. It was not until 
Lytton (1978) that Russam and Coleman (1961)’s curve was adapted as constant 
(equilibrium) suction versus TMI (Figure 30) and utilized it in PTI Manual 2nd Edition 
(1998). Wray (1989) utilized Russam and Coleman (1961) curve to predict equilibrium 
suction and found that the shorter duration of TMI correlated better than long-term TMI 
with regards to measured equilibrium suction at College Station, Texas, which experienced 
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a recent drought prior to that study. In the latest iteration, the PTI Slab-on-grade Design 
Manual 3rd Edition (2008) presented an equilibrium suction and TMI correlation as shown 
in Figure 31. The data points presented in PTI Manual 3rd Edition were collected from 
Snethen (1977), McKeen (1981) Wray (1989), and Jayatilaka (1992). 
 
Figure 28: Variation of soil suction of road subgrade with TMI (Russam and Coleman, 
1961) 
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Figure 29: Relationship of subgrade suction and climatic index (same as TMI) (Aitchison 
and Richards, 1965) 
 
Figure 30: Adaptation of Russam and Coleman’s curve for shallow soils beneath paved 
surfaces (Lytton, 1978)  
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Figure 31: Equilibrium Suction and TMI Correlation in PTI 3rd Edition (2008) 
Just as with Depth to Equilibrium Suction, Cuzme (2018) related the equilibrium 
suction to TMI-2006. As previously mention, only a subset of Cuzme (2018) data, the 
sites/clay suction profiles where both the Depth to Equilibrium Suction and Equilibrium 
Suction were obtained, were used for the correlation in this study. In addition, the sites/clay 
suction profiles with unknown drilled date were ignored since the study is dependent upon 
the date of drilling.  The data is attached in Appendix B. Cuzme (2018) found that there 
was not any statistically significant curve that could be fitted to the TMI and equilibrium 
suction data. Regardless, the comparisons of the 30-year average TMI-2006 to both the 5-
year average and 1-year TMI-2006 were made in this current study to investigate whether 
shorter-term TMI-2006 values might exhibit some stronger correlation with equilibrium 
suction.  
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Figure 32: Equilibrium Suction vs. 30-years TMI-2006 
 
Figure 33: Equilibrium Suction vs. 5-years TMI-2006 
-80 -60 -40 -20 0 20 40 60 80
3.0
3.5
4.0
4.5
5.0
 Surrogate Sites
 Measured Sites
 PTI 3rd Edition Curve
 Fitted Curve
E
q
u
ili
b
ri
u
m
 S
u
c
ti
o
n
 (
p
F
)
TMI-2006 30 years
Model Exp2PMod1
Equation y = a*exp(b*x)
Plot Equilibrium Suction
a 4.09042 ± 0.04256
b -8.34263E-4 ± 4.44496E-4
Reduced Chi-Sqr 0.04593
R-Square (COD) 0.10029
Adj. R-Square 0.07217
-80 -60 -40 -20 0 20 40 60 80
3.0
3.5
4.0
4.5
5.0
 Surrgate Sites
 Measured Sites
 Fitted Curve
 PTI 3rd Edition Curve
E
q
u
ili
b
ri
u
m
 S
u
ct
io
n
 (
p
F
)
TMI-2006 5 years
Model Exp2PMod1
Equation y = a*exp(b*x)
Plot Equilibrium Suction
a 4.05412 ± 0.05389
b -9.41076E-4 ± 4.88844E-4
Reduced Chi-Sqr 0.04566
R-Square (COD) 0.10569
Adj. R-Square 0.07774
50 
 
Figure 34: Equilibrium Suction vs. 1-year TMI-2006 
 Similar to the results before, Figure 32 through 34 shows that the TMI averaging 
over 5-year, or 1-year with rolling average before sampling do not offer any significant 
advantage for over 30-year TMI with respect to correlations between TMI and equilibrium 
suction. Note that the non-linear (exponential) curve fitted in Figure 32 through 34 is in the 
same form as the one provided in the PTI Slab-on-grade Design Manual 3rd Edition (2008) 
as described in Figure 31. So, to visually compare, the PTI’s function for Equilibrium 
Suction was plotted against in Figure 32 through 34. Russam and Coleman (1961)’s 
relationship was never explicitly defined as a function and was actually for suction beneath 
paved areas and obtained on relatively shallow specimens that may or may not have 
reached equilibrium conditions. For this reason, in this study, no comparison was made to 
the Russam and Coleman (1961) suction versus TMI relationship. By inspection of Figure 
32 to 34, there is no significant relationship (poor correlation) between TMI and 
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Equilibrium Suction for the data in this study. A likely reason for such poor correlation is 
that the Equilibrium Suction is also related to site conditions such topography, vegetation 
types or soil layering effect. 
3.7 Sensitivity of Depth to Constant Equilibrium to Precipitation and PET 
 In order to understand the relationship between TMI and depth to constant suction 
more, the individual elements within the TMI-2006 are analyzed for possible improved 
correlation with the depth to constant suction. The idea is to see if there is any single 
element within TMI that is more correlated or more effective for estimating Depth to 
Equilibrium Suction for use in expansive soil foundation design. Alternatively, if there isn’t 
any clear relationships or trends between depth to constant suction and the individual 
components comprising TMI, then a question might arise as to whether it still would be 
valid to use TMI as the climate parameter in unsaturated soil mechanics for purposes of 
estimating the depth over which soil suction would be expected to change over the life of 
the structure. Just as before, the Precipitation and PET are averaged at 30-years and 5-
years period before sampling, as well as 1-year before sampling.  
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Figure 35: Depth to Equilibrium Suction vs. 30-years Average Precipitation 
 
Figure 36: Depth to Equilibrium Suction vs. 5-years Average Precipitation 
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Figure 37: Depth to Equilibrium Suction vs. 1-year Average Precipitation 
 
Figure 38: Depth to Equilibrium Suction vs. 30-years Average PET 
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Figure 39: Depth to Equilibrium Suction vs. 5-years Average PET 
 
Figure 40: Depth to Equilibrium Suction vs. 1-years Average PET 
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 Analysis of Figures 35 through 40 shows that Precipitation and the Depth to 
Equilibrium Suction has a moderate negative linear relationship with adjusted R2 ranging 
from 0.54 to 0.24 for 30-year average, 5-year average, and 1-year TMI. However, there is 
no statistically significant correlation (adjusted R2 of about 0.01) for correlations between 
PET and the Depth to Equilibrium Suction. It may be that the sites’ soil moisture condition 
is more predicated on Precipitation rather than PET. Also, note that within TMI term, 
Precipitation is the only directly measured parameter and the potential evaporation (PET) 
is estimated using Thornthwaite’s method. Thus, one would expect more error in the 
computed PET compared to the directly measured Precipitation. 
3.8 Sensitivity of Equilibrium Suction to Precipitation and PET 
 Similarly, the relationship between Precipitation and PET and Equilibrium 
Suction, are analyzed. Just as before, the Precipitation and PET are average at 30-years 
and 5-years period prior to sampling and 1-year prior to sampling.   
 
Figure 41: Equilibrium Suction vs. 30-years Average Precipitation 
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Figure 42: Equilibrium Suction vs. 5-years Average Precipitation 
 
Figure 43: Equilibrium Suction vs. 1-year Precipitation 
0 25 50 75 100 125 150
3.0
3.5
4.0
4.5
5.0
 Surrogate Sites
 Measured Sites
 Linear Regression Fit
E
q
u
ili
b
ri
u
m
 S
u
c
ti
o
n
 (
p
F
)
5 years average Precipitation (cm)
Equation y = a + b*x
Plot Equilibrium Suction
Weight No Weighting
Intercept 4.44183 ± 0.09439
Slope -0.00461 ± 0.00131
Residual Sum of Squares 1.17747
Pearson's r -0.52845
R-Square (COD) 0.27926
Adj. R-Square 0.25674
0 25 50 75 100 125 150 175
3.0
3.5
4.0
4.5
5.0
 Surrogate Sites
 Measured Sites
 Linear Regression Fit
E
q
u
ili
b
ri
u
m
 S
u
c
ti
o
n
 (
p
F
)
1 year Precipitation (cm)
Equation y = a + b*x
Plot Equilibrium Suction
Weight No Weighting
Intercept 4.3382 ± 0.07642
Slope -0.00327 ± 0.00108
Residual Sum of Squares 1.26753
Pearson's r -0.47343
R-Square (COD) 0.22413
Adj. R-Square 0.19989
57 
 
Figure 44: Equilibrium Suction vs. 30-years Average PET 
 
Figure 45: Equilibrium Suction vs. 5-years PET 
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Figure 46: Equilibrium Suction vs. 1-year PET 
 The analysis of Figures 41 through 46 shows that Precipitation has a stronger 
correlation with Equilibrium Suction as compared to PET. It shows that Precipitation 
versus Equilibrium Suction has a relatively weak negative linear relationship with adjusted 
R2 about 0.20 to 0.30 for 30-year average, 5-year average and 1-year TMI. However, there 
is no statistically significant correlation (adjust R2 of about 0.01) between PET and 
Equilibrium Suction. Again, Precipitation is the measured parameter, but PET is estimated. 
Therefore, Precipitation may be more physically related to the site condition and the sites’ 
soil moisture condition is more predicated on that Precipitation rather than PET.  
3.9 Yearly TMI Sensitivity Relative to Precipitation and PET 
 It has been noted that TMI can vary widely from year to year depending on moisture 
availability from year to year especially in the region where the long-term average TMI is 
in the range of -20 to 20. However, the individual terms within TMI may be insensitive to 
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time. For this section, four different cities, that are climatically different, are chosen for 
comparison of their yearly TMI-2006 from 2000 to 2017 relative to Precipitation and PET, 
are shown in Figure 47 to 50. The aim is to identify which terms within TMI vary 
significantly year by year and determine the more significant parameter.  
   
Figure 47: Yearly TMI Sensitivity relative to Precipitation and PET (San Antonio, TX) 
 
Figure 48: Yearly TMI Sensitivity relative to Precipitation and PET (Denver, CO) 
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Figure 49: Yearly TMI Sensitivity relative to Precipitation and PET (Dallas, TX) 
  
Figure 50: Yearly TMI Sensitivity relative to Precipitation and PET (Phoenix, AZ) 
 Figure 47 to 50 show that Precipitation varies significantly from year to year 
especially in the Texas state such as San Antonio and Dallas. On the other hand, the 
Potential Evapotranspiration (PET) (using Thornthwaite’s method), does not vary 
significantly year to year. Therefore, TMI-2006 might as well be described by 
Precipitation rather than PET.  
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Figure 51: Yearly ETo (cm) from AZMET’s Phoenix (Greenway) Station 
 
Figure 52: Yearly ETo (cm) from AZMET’s Tucson Station 
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comparisons. Figure 51 and 52 show that from 2000 to 2017, the ASCE Standardized 
Penmen-Monteith’s PET (noted as ETo in Figure 51 and 52) ranges from 149 cm to 163 
cm in Phoenix and the ASCE Standardized Penmen-Monteith’s PET ranges from 161 cm 
to 185 cm in Tucson. The results show again, for this data set, that the PET, regardless of 
whether it is from Thornthwaite’s method or the ASCE Standardized Penmen-Monteith 
method, is not so sensitive yearly as compare to Precipitation. Conversely, the TMI 
calculated using PET ASCE Standardized Penman-Monteith Method would not be 
expected to significantly differ from the TMI calculated with Thornthwaite’s PET.   
3.10 Discussion of Actual Evaporation 
The study of actual evaporation (AE) for bare soil is beneficial in the study of 
Geotechnical Engineering, especially for unsaturated soil. Calculation of AE requires the 
application of physics of water, water vapor, and heat flow, which relationships are 
governed by partial differential equations for which solutions can be obtained by solving 
the appropriate partial differential equations (PDE) (Fredlund et al., 2016). These PDEs 
could be solved in together (coupled) and/or separately (uncoupled) (Fredlund et al., 2016). 
There are software packages like SoilVision’s Flux and GeoSlope’s Vadose/w that can 
theoretically estimate the actual evaporation (Fredlund et al., 2016). Analysis of such 
software is beyond the scope of this study, and numerical modeling for estimation of Depth 
to Equilibrium Suction is quite challenging, if not impractical or impossible for wide-
spread use in expansive soil foundation design (Dye, 2008). Both software packages use 
some variation of Wilson (1990) to calculate AE (Fredlund et al., 2016). It is been found 
that the Wilson (1990) equation and its derivative equations tend to overestimate actual 
evaporation and it is likely due to the surface resistances of the unsaturated soil surface 
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(Fredlund et al., 2016). There are two approaches that account for the surface resistance 
that leads to AE being less than PE. Such method was proposed by Fredlund in 2009, and 
it is implemented in SoilVision System 2009a (Fredlund et al., 2016). The other one was 
created by Trans (2015). Both methods seem to agree with actual evaporation from coarse 
soil columns (Fredlund et al., 2016). 
Generalized mapping of actual soil evaporation is extremely difficult because of 
the difficulty of obtaining data, such as vapor pressure and wind speed, have to be collected 
near the ground surface (almost a few centimeters off the ground) as well as the variability 
of soil layering, soil temperature, and soil surface characteristics. Note that all the AE 
calculation were compared with lab controlled homogeneous soil column. Actual 
evaporation is also time-dependent in nature due to constantly changing soil-atmosphere 
flux. In addition, the actual evaporation models discussed above are only compared with 
bare soil column which is just a part of overall evapotranspiration process. Therefore, they 
are not directly applicable to actual evapotranspiration estimations for a residential area 
with landscaped vegetation cover or agriculture lands unless such vegetative aspects are 
separately considered. It has been hypothesized that the drier the soil, the lower actual 
evapotranspiration due to the soil suction and limited availability of water (Hillel, 1982; 
Wilson, 1994). In addition, the soil hydraulic conductivity can become quite low for very 
dry soils. In the original TMI-48, the actual evapotranspiration is included as a term, and it 
is used as a bookkeeping process for water surplus (R) and water deficiency (D) terms. 
However, at the time of original TMI development, there wasn’t any equipment to measure 
actual evapotranspiration, and therefore, the “vapor method” similar to Penman (1948) was 
used to measure evaporation and to approximate the PET values in the TMI-1948. 
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Regardless, whether it is the actual evaporation or actual evapotranspiration, they both are 
physical processes that are hard to obtain without actual measurement. Although the ability 
to measure such parameters exists such as lysimeters, it is not practical to have a network 
of lysimeters that can be used to model the whole contiguous US regions.  
4  SUMMARY AND CONCLUSIONS 
 In this study, the commonly used climatic parameter in Geotechnical Engineering 
(in foundation design), Thornthwaite Moisture Index (TMI), is explored. For this project, 
a series of GIS produced maps and a web-based broad-scale TMI map are produced using 
a 30-year normal climatic data from NOAA. The original TMI (1948) was compared 
against the relatively simple-to-calculate TMI (1974) and TMI (2006). It was found that 
TMI (2006) is relatively close to the TMI (1948) version at selected locations, as also 
reported by Witczak et al. (2006). In general, both TMI-1974 and TMI-2006 are 
straightforward to calculate without a lot of major assumptions needed for water balance 
like in TMI (1948). With regards to potential evapotranspiration (PET), the Thornthwaite’s 
method is comparable with ASCE standardized Penman-Monteith’s equation model at 
most locations of interest for this study. However, there were notable significant 
discrepancies between the two models, such as the ones in Denver, CO and El Paso, TX. 
The source of the discrepancy is not fully investigated in this report, but it is postulated 
that the difference between the temperature-based method of Thornthwaite’s model and 
radiation-based method of ASCE standardized Penman-Monteith’s model might be the 
source. 
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Afterward, the TMI-2006 at different time duration (5-years average and 1-year) 
before the date of sampling, are correlated to the Depth to Equilibrium Suction and 
Equilibrium Suctions from the uncovered and undeveloped sites (a subset of data 
determined from Cuzme (2018); attached in Appendix B) to see how well TMI-2006 can 
estimate the Depth to Equilibrium Suction and Equilibrium Suction for the unsaturated clay 
soil suction profiles. In both correlations, the shorter time frame (5-year and 1-year 
duration) of averaging climate data is not better than long-term average as shorter-term 
averaging did not improve statistical correlations. The general trend in Figure 25 through 
27 is that the Depth of Equilibrium Suction is deeper for the arid region (more negative 
TMI). The most likely reason is that the intact clay soil columns tend to crack or weather 
to deeper depths for arid regions (more negative TMI) and therefore, the moisture can 
infiltrate and evaporate to greater depth. Hence, the suctions would vary to a greater depth.  
With regards to the Equilibrium Suction, the non-linear exponential relationship as 
proposed by PTI 3rd Edition (2008) was compared and it was found that, considering the 
full range of TMI values, the PTI curve doesn’t agree well with the data in this report. 
Moreover, this study did not find any statistically significant relationship between TMI and 
Equilibrium Suction. A plausible explanation for such poor correlation is that the 
Equilibrium Suctions is also related additional factors such as sites conditions (topography) 
and soil profile characteristics (surficial soil type and soil layering). Consequently, the 
Precipitation and Potential Evapotranspiration (PET) are compared against the Depth to 
Equilibrium Suction and Equilibrium Suction individually. The results show that the 
Precipitation is correlated relatively better than the Potential Evapotranspiration. 
Moreover, it has been shown in this study that TMI-2006 (essentially the same as TMI-
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1948) is more strongly related to Precipitation than PET, regardless of the region and 
climate.  
 The primary reason for better performance of Precipitation (P) compared to PET 
in suction correlations is that the Potential Evapotranspiration (PET) is not complete in 
explaining the field soil moisture state; further, the PET was found to not vary significantly 
year to year compared to P. Note that in the field condition, infiltration (especially through 
desiccation cracks in clay soils of arid regions), redistribution, drainage, evaporation, and 
transpiration are all happening interdependent of each other (Hillel, 1982). And PET will 
vary based on surface roughness, soil thermal properties, and the upwind nature of 
surrounding area, all of which are transient properties that cannot be captured with a simple 
index (Hillel, 1982). Also, the weather stations, where TMI values are calculated and 
correlated, are not precisely located at the sites where the suction profiles (drilled sites) are 
developed. Therefore, the actual weather at the drilled locations may be different than that 
of the weather stations picked for the correlation.  
 Even with the more robust version of TMI equation, it would still be too complex 
to capture PET effects in such a broad scale, as presented in this paper. For example, in the 
original TMI (1948), the surface runoff term and moisture deficient term are included, 
which would seem to more rigorous than the ones studied in this paper. In order to be more 
precise, however, the soil storage capacity must be estimated, which is challenging 
resulting from variable due to soil type, for example, which is why Mather (1974) removed 
soil storage capacity from the TMI computation. 
 Correlations between simple climatic factors, such as TMI, and soil suction or depth 
to constant suction are not robust, in general, exhibiting modest to very low statistical 
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correlation regardless of the complexity of form. The primary reason for such poor 
correlation is likely site-specific details, including surface drainage, soil layering, and 
depth to groundwater table, as examples.  In addition, many factors that go into the TMI 
computation, such as those required by some PET formulations, must be estimated due to 
limited data. In the end, there does not appear to be justification for the use of more 
complex climatic factors or versions of TMI in geotechnical engineering applications. In 
fact, even simpler models than TMI-2006, such as the use of Precipitation alone, may 
provide correlations with Equilibrium Suction and Depth to Equilibrium Suction that are 
just as good as those developed for TMI.  
 Nonetheless, the use of TMI-based correlations with equilibrium soil suction and 
depth to constant suction for undeveloped sites can be helpful for evaluation of expansive 
soil site and in preliminary design, and perhaps where more detail soil suction 
investigations cannot be justified. However, such correlations should be used with caution 
and awareness of limitations. Given improvements to suction measurement methods that 
have occurred over recent years, geotechnical engineers would be well-served to include 
soil suction measurements, particularly measurement of soil suction at depth (equilibrium 
values), as a part of routine expansive soil site investigation.  
5  FUTURE WORK 
 The state of practice in foundation and pavement design for expansive soil sites is 
still dependent on TMI as an assigned numerical value to a climate condition. However, 
one must also study the Precipitation trends of the local area rather than the Potential 
Evapotranspiration (PET) to make an engineering judgement because the soil moisture 
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state is more related to Precipitation than PET, possibly due to the complexity of the term. 
This work revealed that there are multiple ways to estimate PET, such as those used in 
agricultural and available for agricultural weather networks. Thornthwaite’s method for 
estimation of PET may not be best due to its simplicity, and therefore, it may be worth 
consideration to use consistent PET values, such as those that match up well with the ASCE 
Standardized Penman-Monteith Method. Some standardization of computation of PET 
would seem desirable since PET is a very complex phenomenon.  
Regardless, for a broad scale, TMI may be most practical for climate classification 
for geotechnical engineers; however, the form of TMI should be standardized and used as 
a general estimation of soil suction conditions, rather than for specific determination of key 
expansive soil analysis parameters such as soil suction profile and/or Depth to Equilibrium 
Suction. Future studies on identification of a simple and robust climatic factor may be 
appropriate as the number of weather stations and the quality of climate-related data 
improves. Geotechnical engineers will likely be well-served to incorporated direct soil 
suction measurements in routine field investigation for expansive soil sites. This additional 
data would be useful in the pursuit of improved methods of estimation of soil suction 
profiles for computation of heave/shrinkage and associated foundation and pavement 
performance. 
  
69 
REFERENCES 
Aitchison, G. D., & Richards, B. (1965). A Broad-scale Study of Moisture Conditions in 
Pavement Subgrades throughout Australia. Soil Mechanics Section, 
Commonwealth Scientific and Industrial Research Organisation, Melbourne, 
Australia, 184-232. 
Arguez, A., Durre, I., Applequist, S., Vose, R. S., Squires, M. F., Yin, X., . . . Owen, T. 
(2012). NOAA's 1981-2010 U.S. climate normals: An overview. Asheville: 
American Meterological Society. 
AS2870. (2011). Residential slabs and footings. Standards Association of Australia. 
Sydney, Australia. 
AZMET. (2018). Retrieved from The Arizona Meterological Network: 
https://cals.arizona.edu/azmet/ 
CoAgMet. (2018). Retrieved from Colorado's Mesonet: https://coagmet.colostate.edu/ 
Cuzme, A. (2018). Estimating Expansive Soil Field Suction Profiles Using a Soil Suction 
Surrogate. Arizona State University: Thesis. 
Decagon Devices, Inc. (2011). Effects of sample disturbance on soil water potential. 
Pullman, WA: Decagon Devices, Inc. 
Durre, I., Squires, M., Vose, R., Yin, X., Arguez, A., & Applequist, S. (2013, 
Novemember). NOAA's 1981-2010 U.S. Climate Normals: Monthly Precipitation, 
Snowfall, and Snow Depth. Journal of Applied Meterology and Climatology, 52, 
2377-2395. 
Dye, H. B. (2008). Moisture movement through expansive soil and impact on performance 
of residential structures. Arizona State University: Dissertation. 
Feddema, J. (2005). A Revised Thornthwaite-Type Global Climate Classificaiton. Physical 
Geography, 442-466. 
Fityus, S., & Buzzi, O. (2008, December). On the use of the thornthwaite moisture index 
to infer depths of seasonal moisture change. Australian Geomechanics, 43(4), 69-
76. 
Fityus, S., Walsh, P., & Kleeman, P. (1998). The influence of climate as expressed by the 
Thornthwaite index on the design of deph of moisture change of clay soils in the 
Hunter Valley. Conference on Geotechnical Engineering and Engineering Geology 
in the Hunter Valley, (pp. 251-265). Springwood, Australia. 
Fredlund, D. G., Rahardjo, H., & Fredlund, M. D. (2012). Unsaturated Soil Mechanics In 
Engineering Practice. Hoboken, New Jersey: John Wiley & Sons, Inc. 
70 
Fredlund, D., & Morgenstern, N. (1977). Stress state variables for unsaturated soils. 
Journal of the Geotechnical Engineering Division, 103(G75), 441-466. 
Fredlund, M., Tran, D., & Fredlund, D. G. (2016). Methodologies for the Calculation of 
Actual Evaporation in Geotechnical Engineering. International Journal of 
Geomechanics, 16(6). 
Hargreaves, G. H., & Samani, Z. A. (1985). Reference crop evapotranspiration from 
temperature. Applied Engineering in Agriculture, 1(2), 96. 
Harmon, W. R. (1961). Estimating potential evapotranspiration. J. Hydr. Eng. Div.- ASCE. 
87 (HY3), 107-120. 
Hillel, D. (1982). Introduction to Soil Physics. New York: Academic Press. 
Houston, S. (2014). Characterization of Unsaturated Soils: The Importance of Response to 
Wetting. GeoCongress.  
Houston, S., & Houston, W. (1997). Collapsible Soil Engineering, by S., Unsaturated Soil 
Engineering Practice,. GSP(68), 199-232. 
Houston, S., & Houston, W. (2017). A Suction-Oedometer Method for Computation of 
Heave and Remaining Heave. SSMGE, 2nd Pan-American Conference on 
Unsaturated Soils. Dallas, TX: ASCE. 
Houston, W., Dye, H., Zapata, C., Perera, Y., & Haraz, A. (2006). Determination of SWCC 
using One Point Suction Measurement and Standard Curves. UNSAT2006. 
Carefree, AZ: ASCE. 
Jayatilaka, R., Gay, D., Lytton, R. L., & Wray, W. (1992). Effectiveness of Controlling 
Pavement Roughness due to Expansive Clays with Vertical Moisture Barriers, 
Report No. FHWA/TX-92/1165-2F. Austin, Texas: Texas Transportation Institute, 
Texas A&M University, Texas Department of Transportation. 
Karunarathne, A., Fardipour, M., Gad, E., Rajeev, P., Wilson, S., Disfani, J., & 
Sivanerupan. (2018). Modelling of Climate Induced Moisture Variations and 
Subsequent Ground Movements in Expansive Soils. Geotechnical and Geological 
Engineering, 36(4), 2455-2477. 
Karunarathne, A., Gad, E., Sivanerupan, S., & Wilson, J. (2016, March). Review of 
Calculation Procedures of Thornwaite Moisture Index and Its Impace on Footing 
Design. Australian Geomechanics, 51(1), 85-95. 
Krahn, J., & Frendlund, D. (1972). On total matric and osmotic suction. Soil Science 
Journal, 114(5), 339-348. 
71 
Krohn, J., & Slosson, J. (1980). Assesment of expansive soils in the United Sates. 
Proceeding of 4th International Conference on Expansive Soils, (pp. 596-608). 
Denver, CO. 
Leao, S. Z. (2017). Assessing the trade-off between data quality and spatial resolution for 
the Thornthwaite Moisture Index mapping. Journal of Spatial Science (62:1), 85-
102. 
Leong, E., Tripathy, S., & Rahardjo, H. (2003). Total suction measurments of unsaturated 
soils with a device using the chilled-mirror dew-point technique. Geotechnique, 
53(2), 173-182. 
Lewis, C. (2016). Evapotranspiration Estimation: A Study of Methods in the Western 
United States. 
Liu, T. (1997). Problems of Expansive Soils in Engineering Construction. Architecture and 
Building Press of China, Beijing. 
Lytton, R. L. (1994). Prediction of movement in expansive clays. Vertical and Horizontal 
Deformations of Foundations and Embankments., 40, pp. 1827-1845. 
Lytton, R., Aubeny, C., & Bulut, R. (2004). Design procedure for pavements on expansive 
soils. Austin, TX: Texas Department of Transportation. 
Mather, J. (1974). In Climatology: Fundamentals and Applications (pp. 113-1131). USA: 
McGraw Hill Book Company. 
McCook, D., & Shanklin, D. (2000). NRCS experience with field density test methods 
including sand-cone, nuclear gage, rubber balloon, druve-cylinder, and CLOD test. 
Constructing and Controlling Compaction of Earth Fills, 72-93. 
McKeen, R. (1992). A model for predicting expansive soil behavior. Proceedings of the 
7th International Conference on Expansive Soils, (pp. 1-6). Dallas, Texas. 
McKeen, R. G. (1981). Design of Airport Pavements for Expansive Soils, Report NO. 
DOT/FAA/RD-81/25. Washington D.C.: New Mexico Engineering Research 
Institue, University of New Mexico, Federal Aviation Administration. 
McKeen, R. G., & Johnson, L. D. (1990, July). Climate Controlled Soil Design Parameters 
for Mat Foundations. Journal of Geotechnical Engineering, 116 (7), 1073-1094. 
Metergroup. (2017). WP4-C soil water potential lab instrumentation. 
Monteith, J. L. (1965). Evaporation and environment. In Symp. Soc. Exp. Biol, Vol. 19, 
No. 205-23, p. 4. 
72 
Morris, P. H., Graham, J., & Williams, D. J. (1992). Cracking in drying soil. Canadian 
Geotechnical Journal 29 (2), 263-277. 
Nelson, J. D., Overton, D. D., & Durkee, D. B. (2001). Depth of wetting and the active 
zone in expansive soils and vegetative influnce on shallow foundations. GSP115, 
95-109. 
Nelson, J., & Miller, D. (1992). Expansive Soils: Problems and Practice in Foundation 
and Pavement Engineering. New York, NY: John Wiley and Sons, Inc. 
Nelson, J., Chao, K., Overton, D., & Nelson, E. (2015). Foundation Engineering for 
Expansive Soils. New York, NY: John Wiley and Sons, Inc. 
Olive, W., Chleborad, A., Frahme, C., Schlocker, J., Schneider, R., & Schuster, R. (1989). 
Swelling clays map of the conterminous United States. USGS Publications. 
OriginLab. (2018). Origin 2018b. Northampton, MA , United States. 
Penman, H. L. (1948). Natural evaporation from open water, bare soil and grass. Proc. R. 
Soc. Lond. A. (193), (pp. 120-145). 
Prescott, J. A. (1949). A climatic index for the leaching factor in soil formation. Jour. Soil 
Sci. 1, 9-19. 
Priestley, C., & Taylor, R. (1972). On the assessment of surface heat flux and evaporation 
using large-scale parameters. Monthly weather review, 100(2), 81-92. 
PTI. (2008). PTI DC10. 1-08 Design of post-tensioned slabs-on-ground, 3rd Edition with 
2008 Supplement. Post-tensioning Institute: Phoenix, Arizona. 
Rosenbalm, D. (2011). Reliability associated with the estimation of soil resilient modulus 
at different hierarchical levels of pavement design. Tempe, AZ: Arizona State 
University. 
Russam, K., & Coleman, J. D. (1961). The Effect of Climatic Factors on Subgrade 
Moisture Conditions. Geotechnique. Vol II (1). 
Smith, R. (1993). Estimating Soil Movements in New Areas. Seminar - Extending the Code 
beyond Residential Slabs and Footings. The Institution of Engineers, Australia. 
Snethen, D. R., Johnson, L., & Patrick, D. (1977). An Investigation of the Natural 
Microscale Mechanisms that Cause Volume Change in Expansive Clays, Report 
No. FHWA-RD-77-75. Washington D.C: U.S. Army Engineer Waterways 
Experiment Station, Federal Highway Administration. 
Terzaghi, K. (1942). Soil moisture: IXa. Soil moisture and capillary phenomena in soils. 
Physics of the Earth, IX, 331-363. 
73 
TexasET. (2018). Retrieved from Texas A&M Agrilife Extension: http://texaset.tamu.edu/ 
The Institution of Engineers Australia. (2011). AS2870 - Residential Slabs and Footings. 
Australian Standard. 
Thornthwaite, C. W. (1948, Jan.). An Approach toward a Rational Classification of 
Climate. Geographical Review, 38(1), 55-94. 
Thornthwaite, C. W., & Mather, J. R. (1955). The Water Balance. Publications in 
Climatology, 8, 1-104. 
Tran, D. T. (2015). Improvements to the calculation of actual evaporation form bare soil 
surfaces. Canadian Geotechnical Journal, 53(1), 118-134. 
Tucker, B. M. (1956). An alternative calculation for potential evapotranspiration. Royal 
Soc. So. Austral. Trans. 19, 46-51. 
Turk, L. (1961). Estimation of irrigation water requirements, potential evapotranspiration: 
A simple climatic formula evolved up to date. Annals of Agronomy, (12), 13-14. 
Vann, J., Houston, S., Houston, W., Singhar, S., Cuzme, A., & Olaiz, A. (2018). A soil 
suction surrogate and its use in the suction-oedometer method for computation of 
volume change of expansive soil. The 7th International Conference on Unsaturated 
Soils (pp. 1205-1210). Hong Kong: Proceedings. 
Walsh, K., Houston, W., & Houston, S. (1993). Evaluation of inplace wetting using soil 
suction measurements. Journal of Geotechnical Engineering Division, 119(5), 862-
873. 
Walter, I., Allen, R., Elliott, R., Jensen, M., Itenfisu, D., Mecham, B., . . . Martin, D. (2004). 
ASCE's standardized reference evapotranspiration equation. Proc., 4th National 
Irrigation Symp., American Society of Agricultural Engineers, (pp. 209-215). St. 
Joseph, Mich. 
Willmott, C., & Feddema, J. (1992, February). A More Rational Climate Moisture Index. 
Professional Geographer, 44(1), 84-87. 
Wilson, G. (1990). Soil evaporative fluxes for geotechnical engineering problems. 
Saskatoon, Saskatchewan, Canada: Univ. of Saskatchewan: Ph.D dissertation. 
Wilson, G. W., Fredlund, D. G., & Barbour, S. L. (1994). Coupled soil-atomsphere 
modelling for soil evaporation. Can. Geotech. J. 31., 151-161. 
Witczak, M., Zapata, C., & Houston, W. (2006). Models Incorporated into the Current 
Enhanced Integrated Climatic Model for Used in Version 1.0 of the ME-PDG. 
Tempe, Arizona: Arizona State University. 
74 
Wray, K. W. (1989). Mitigation of Damage to Structures Supported on Expansive Soils. 
Washington D.C.: National Science Foundation. 
Wray, W. (1978). DEVELOPMENT OF A DESIGN PROCEDURE FOR RESIDENTIAL 
AND LIGHT COMMERCIAL SLABS-ON-GROUND CONSTRUCTED OVER 
EXPANSIVE SOILS. ProQuest Dissertations and Theses, Volume (I and II). 
Wray, W. (1984). The principle of soil suction and its geotechnical engineering 
applications. Proceedings of the 5th International Conference on Expansive Soils, 
(pp. 114-118). Adelaide, Australia. 
Wray, W., & Meyer, K. (2004). Expansive Clay Soil. A widespread and Costly Geohazard. 
Geo-Strata, 24-28. 
Yue, E., & Bulut, R. (2014). Evaluation of the Climatic Factors for the Classification of 
Oklahoma Pavement Regions. Geo-Congress 2014 (pp. 4037-4046). ASCE. 
Zapata, C., Houston, W., Houston, S., & Walsh, K. (2000, August 5-8). Soil-water 
characterstic curve variability. Advances in Unsaturated Geotechnics, 99, 84-124. 
Zhan, L., Chen, P., & Ng, C. (2007). Effect of suction change on water content of total 
volume of an expansive clay. Journal of Zhejiang University, 5(5), 699-706. 
 
  
75 
APPENDIX A 
SUCTION PROFILE RESULTS FOR UNCOVERED-NON-IRRIGATED SITES 
(CUZME, 2018) 
  
76 
Site Location TMI 2006 
Depth to Equilibrium 
Suction (m) 
Equilibrium 
Suction 
109 Laredo, TX -40 4.2672 4.1 
147 McAllen, TX -40 4.2672 4.2 
160 McAllen, TX -40 3.048 4.1 
125 McAllen, TX -38 4.2672 3.9 
33 Los Fresnos, TX -30 3.3528 3.8 
6 Snyder, TX -19 2.7432 4 
24 San Antonio, TX -6 2.7432 4 
166 Amarillo, TX -18 2.1336 4.1 
18 San Antonio, TX -17 3.048 4.2 
133 San Antonio, TX -17 3.3528 4 
214 Fountain, CO -16 3.048 4.2 
4 Breckenridge, TX -10 1.2192 4.25 
27 Universal City, TX -10 2.1336 4.2 
41 Shertz, TX -6 2.7432 3.9 
44 Cibolo, TX -6 2.7432 4.2 
91 Converse, TX -6 2.4384 4.4 
46 Kyle, TX -5 1.2192 4.1 
3 Killeen, TX -5 2.1336 3.8 
127 Dallas, TX -2 1.2192 4.2 
155 Hewitt, TX 2 1.8288 4.1 
219 Yukon, OK 3 1.4 4 
13 Fort Worth, TX 3 1.8288 4.2 
143 Keller, TX 3 1.524 4 
108 Cross Roads, TX 5 1.8288 4.2 
150 Houston, TX 9 1.524 4.1 
63 Friendswood, TX 22 0.9144 4 
253 Broken Arrow, OK 24 1.524 3.7 
14 Vidor, TX 34 1.2192 3.8 
134 Prosper, TX 23 Cannot be determined- 4 
161 Atascocita, TX 24 Cannot be determined- 4.1 
244 Norman, OK 18 Cannot be determined- 3.7 
 Meridian, MS 48 Cannot be determined- 3.9 
136 Harker Heights, TX -5 Cannot be determined- 4.2 
207 Aurora, CO -21 Cannot be determined- 3.9 
3945 Hattiesburg, MS 50 Cannot be determined- 4 
209 Wheat Ridge, CO -12 Cannot be determined- 3.9 
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Site Location TMI 2006 
Depth to Equilibrium 
Suction (m) 
Equilibrium 
Suction 
172 Wheat Ridge, CO -12 Cannot be determined- 3.9 
124 Wylie, TX 9 Cannot be determined- 4 
MESA-1-U-N Mesa, AZ -52 4 4.5 
DEN-2-U-N Denver, CO -24 4.572 4.4 
DEN-3-U-N Denver, CO -24 4.572 4.28 
PHX-1-U-N Phoenix, AZ -56 4 4.65 
YOUNG-1-U-N Young, AZ -6 1.8288 4.4 
YOUNG-2-U-N Young, AZ -6 1.2192 4.8 
21529 Phoenix, AZ -56 Cannot be determined- 5.2 
20900 Chandler, AZ -51 Cannot be determined- 4.2 
21200 Gilbert, AZ -51 Cannot be determined- 4.5 
21155 Gilbert, AZ -51 Cannot be determined- 4.3 
24324 Gilbert, AZ -52 3.9624 4.6 
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APPENDIX B 
SUBSET OF CUZME (2018) DATA USED IN THIS STUDY 
 
  
7
9
 
Site ID Locati
on 
Date 
Drill 
TMI-
2006 
30 
years 
TMI-
2006 5 
years 
TMI-
2006 1 
year 
Equili
brium 
Suctio
n (pF) 
Depth 
to 
Equili
brium 
Suctio
n (m) 
30 
years 
Precip 
(cm) 
Precip 
5 years 
(cm) 
Precip 
1 year 
cm 
30 
years 
PET 
(cm) 
PET 5 
years 
(cm) 
PET 1 
year 
(cm) 
Latitu
de 
Longti
tude 
3 Killeen
, TX 
3/20/20
14 
-5 -9.7 -13.34 3.8 2.1336 84.02 81.69 82.88 104.48 112.02 103.76 31.11 -97.7 
4 Brecke
nridge, 
TX 
1/15/20
14 
-10 -17.57 -15.6 4.25 1.2192 76.15 66.12 62.94 103.04 105.55 95.56 32.761
9 
-
98.944
1 
6 Snyder, 
TX 
11/29/2
011 
-19 -21.61 -51.95 4 2.7432 57.61 55.34 19.4 94.82 98.17 111.45 32.691
4 
-
100.91
68 
13 Fort 
Worth, 
TX 
10/5/20
12 
3 -11.79 -4.71 4.2 1.8288 95.1 82.4 94.19 105.02 117.07 117.17 32.913
1 
-
97.288
3 
14 Vidor, 
TX 
4/1/201
5 
34 17.33 39.9 3.8 1.2192 153.59 131.48 162.61 113.68 120.46 116.26 30.143
7 
-94.013 
18 San 
Antoni
o, TX 
2/1/200
7 
-17 -13.54 -28.78 4.2 3.048 81.97 82.27 64.32 118.89 121.53 133.17 29.359
5 
-
98.635
1 
24 San 
Antoni
o, TX 
6/1/201
1 
-6 -19.82 -31.54 4 2.7432 81.97 74.69 57.05 118.89 124.6 127.88 29.465
5 
-
98.357
3 
27 Univer
sal 
City, 
TX 
3/20/20
13 
-10 -23.4 -17.22 4.2 2.1336 81.97 71.74 83.14 118.89 130.22 130.51 29.547
4 
-
98.309
2 
33 Los 
Fresnos
, TX 
8/1/201
2 
-30 -37.63 -53.31 3.8 3.3528 66.29 54.4 25.22 141.82 149.04 161.83 26.075
1 
-
97.491
7 
41 Shertz, 
TX 
2/1/201
3 
-6 -23.26 -8.99 3.9 2.7432 81.97 71.79 97.19 118.89 130.42 130.16 29.564
1 
-
98.258
6 
44 Cibolo, 
TX 
4/1/201
3 
-6 -23.69 -20.1 4.2 2.7432 81.97 71.3 77.32 118.89 130.01 129.04 29.573
8 
-
98.236
5 
46 Kyle, 
TX 
4/1/201
2 
-5 -15.05 -22.19 4.1 1.2192 90.75 76.45 71.02 113.74 115.49 124.43 30.010
1 
-97.859 
8
0
 
Site ID Locati
on 
Date 
Drill 
TMI-
2006 
30 
years 
TMI-
2006 5 
years 
TMI-
2006 1 
year 
Equili
brium 
Suctio
n (pF) 
Depth 
to 
Equili
brium 
Suctio
n (m) 
30 
years 
Precip 
(cm) 
Precip 
5 years 
(cm) 
Precip 
1 year 
cm 
30 
years 
PET 
(cm) 
PET 5 
years 
(cm) 
PET 1 
year 
(cm) 
Latitu
de 
Longti
tude 
63 Friends
wood, 
TX 
4/1/201
3 
22 0.3 -0.26 4 0.9144 133.83 107.41 107.51 115.45 124.38 124.55 29.357
9 
-
95.858
4 
91 Conver
se, TX 
9/1/201
2 
-6 -18.2 -41.24 4.4 2.4384 81.97 74.5 43.6 118.89 126.54 137.64 29.536
1 
-
98.333
9 
108 Cross 
Roads, 
TX 
1/1/201
2 
5 3.4 -15.86 4.2 1.8288 96.75 97.79 81 103.52 108.94 123.63 33.227
9 
-
96.984
1 
109 Laredo, 
TX 
3/1/200
7 
-40 -38.39 -38.71 4.1 4.2672 51.31 55.16 57.49 152.05 156.93 163.98 27.612
2 
-99.463 
125 McAlle
n, TX 
3/1/201
3 
-38 -42.67 -49.4 3.9 4.2672 49.4 50.16 38.1 146.06 172.59 183.13 26.235
8 
-
98.205
8 
127 Dallas, 
TX 
3/1/201
3 
-2 -13.34 -26.99 4.2 1.2192 95.43 84.53 63.89 114.03 124.27 126.07 32.808
9 
-
96.789
9 
133 San 
Antoni
o, TX 
7/1/201
3 
-17 -33.27 -31.33 4 3.3528 81.97 56.03 54.78 118.89 133.67 122 29.380
1 
-
98.536
7 
143 Keller, 
TX 
12/1/20
14 
3 -16.68 -20.67 4 1.524 95.1 72.76 59.32 105.02 113.27 100.35 32.933
8 
-
97.257
1 
147 McAlle
n, TX 
8/1/201
3 
-40 -43.81 -54 4.2 4.2672 49.4 47.5 44.4 146.06 171.41 171.17 26.207
5 
-
98.243
6 
150 Housto
n, TX 
7/1/201
3 
9 -4.83 -5.16 4.1 1.524 127.89 100.02 95.51 128.89 124.66 119.72 29.692
7 
-
95.767
9 
155 Hewitt, 
TX 
10/1/20
13 
2 -8.39 -19.89 4.1 1.8288 92.38 85.37 64.35 109.11 114.48 106.98 31.461
7 
-
97.173
5 
160 McAlle
n, TX 
5/1/201
4 
-40 -43.55 -41.89 4.1 3.048 49.4 48.47 46.42 146.06 170.2 150.64 26.313
3 
-
98.311
5 
8
1
 
Site ID Locati
on 
Date 
Drill 
TMI-
2006 
30 
years 
TMI-
2006 5 
years 
TMI-
2006 1 
year 
Equili
brium 
Suctio
n (pF) 
Depth 
to 
Equili
brium 
Suctio
n (m) 
30 
years 
Precip 
(cm) 
Precip 
5 years 
(cm) 
Precip 
1 year 
cm 
30 
years 
PET 
(cm) 
PET 5 
years 
(cm) 
PET 1 
year 
(cm) 
Latitu
de 
Longti
tude 
166 Amarill
o, TX 
11/1/20
13 
-18 -28.58 -32.02 4.1 2.1336 51.71 46.46 37.95 80.98 86.19 86.3 35.184
3 
-
101.94
25 
214 Fountai
n, CO 
11/1/20
15 
-16 -16.71 5.72 4.2 3.048 42.01 43.38 63.45 63.74 67.98 67.29 38.718
5 
-
104.70
47 
219 Yukon, 
OK 
1/1/201
4 
3 -2.61 38.8 4 1.4 82.27 80.2 123.75 91.14 98.63 89.39 35.509 -97.726 
253 Broken 
Arrow, 
OK 
1/1/201
1 
24 28.63 10.56 3.7 1.524 115.39 115.39 99.9 88.41 93.04 95.17 36.045
1 
-
95.849
6 
DEN-
2-U-N 
Denver
, CO 
9/16/20
16 
-24 -16.79 -22.28 4.28 4.572 36.32 43.49 39.2 67.69 67.97 68.82 39.551 -
105.00
2 
DEN-
3-U-N 
Denver
, CO 
9/16/20
16 
-24 -16.79 -22.28 4.4 4.572 36.32 43.49 39.2 67.69 67.97 68.82 39.551 -
105.00
2 
MESA-
1-U-N 
Mesa, 
AZ 
11/16/2
017 
-52 -58.39 -59.13 4.5 4 20.4 18.21 16.2 183.3 204.95 207 33.379
51 
-
111.73
196 
PHX-
1-U-N 
Phoeni
x, AZ 
10/31/2
017 
-52 -58.35 -58.97 4.3 4 20.4 18.21 16.71 183.3 205.78 207.76 33.489
86 
-
112.07
321 
YOUN
G-1-U-
N* 
Young, 
AZ 
5/1/201
8 
-5.89 -19.31 -28.21 4.8 1.2192 56.13 43.96 35.6 71.22 72.2 72.57 34.140
86 
-
110.92
961 
YOUN
G-2-U-
N* 
Young, 
AZ 
5/1/201
8 
-5.89 -19.31 -28.21 4.4 1.8288 56.13 43.96 35.6 71.22 72.2 72.57 34.140
86 
-
110.92
961 
 
